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Anti-Inflammatory Effects of Mitogen-Activated Protein Kinase
Kinase Inhibitor U0126 in an Asthma Mouse Model*

Wei Duan,* JasmineH. P. Chan,* Chui Hong Wong,* Bernard P. Leung," and
W. S. Fred Wong®*

Mitogen-activated protein kinase (MAPK) signaling cascade plays a pivotal role in the activation of inflammatory cells. Recent
findings revealed that the activity of p42/44 MAPK (also known as extracellular signal-regulated kinase (ERK)) in the lungs was
significantly higher in asthmatic mice than in normal controls. We hypothesized that inhibition of ERK activity may have anti-
inflammatory effects in allergic asthma. BALB/c mice were sensitized with OVA and, upon OVA aerosol challenge, developed
airway eosinophilia, mucus hyper secretion, elevation in cytokine and chemokine levels, up-regulation of VCAM-1 expression, and
airway hyperresponsiveness. Intraperitoneal administration of U0126, a specific MAPK/ERK kinase inhibitor, significantly (p <
0.05) inhibited OVA-induced increases in total cell counts, eosinophil counts, and IL-4, IL-5, IL-13, and eotaxin levels recovered
in bronchoalveolar lavage fluid in a dose-dependent manner. U0126 also substantially (p < 0.05) reduced the serum levels of total
IgE and OVA-specific IgE and 1gG1. Histological studies show that U0126 dramatically inhibited OVA-induced lung tissue
eosinophilia, airway mucus production, and expression of VCAM-1 in lung tissues. In addition, U0126 significantly (p < 0.05)
suppressed OVA-induced airway hyperresponsivenessto inhaled methacholinein a dose-dependent manner. Western blot analysis
of whole lung lysates shows that U0126 markedly attenuated OV A-induced tyrosine phosphorylation of ERK 1/2. Taken together,
our findings implicate that inhibition of ERK signaling pathway may have therapeutic potential for the treatment of allergic

airway inflammation. The Journal of Immunology, 2004, 172: 7053—7059.

by airway inflammation, mucus hypersecretion, and air-

way hyperresponsiveness (AHR)? (1). Cumulative evi-
dence showed that these inflammatory responses are contributed
by Th2 cells, together with other inflammatory cells such as mast
cells, B cells and eosinophils, and inflammatory cytokines and che-
mokines (1, 2). Upon activation, Th2 cells produce cytokines such
aslL-4, IL-5, and IL-13. IL-4 isessential for B cell maturation and
IgE synthesis, and plays an important role in the initiation of Th2
inflammatory responses. I1L-5 is pivotal for the growth, differenti-
ation, recruitment, and survival of eosinophils. IL-13 plays aprom-
inent role in the effector phase of Th2 responses, such as eosino-
philic inflammation, mucus secretion, and AHR (2, 3). In contrast,
chemokines such as RANTES and eotaxin are centra to the de-
livery of eosinophils to the airways. The specific transendothelial
migration of eosinophilsis regulated by the interaction of adhesion
molecules such as VLA-4 and its ligand VCAM-1 (4). Airway
eosinophilia together with effector cytokines such as IL-13 may
ultimately contribute to AHR in asthma (5).

A llergic asthmais a chronic airway disorder characterized
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Mitogen-activated protein kinase (MAPK) signaling cascade
has been shown to be important in the activation of various im-
mune cells (6). It is activated by a three-tiered sequential phos-
phorylation of MAPK kinase kinase, MAPK/ERK kinase (MEK),
and MAPK. There are three major groups of MAPK in mammalian
cells, including extracellular signal-regulated protein kinase
(ERK), p38 MAPK, and c-Jun N-terminal kinase. ERK1 and 2 are
activated by their direct upstream kinases MEK1 and MEK2, re-
spectively. ERK signaling pathway is activated upon ligation of
TCRIn T cells, B cell receptor in B cells, and FceRI in mast cells,
leading to proliferation, differentiation, cytokine production, and
degranulation (7—10). It has also been shown that ERK pathway is
critically important for the activation of 1L-5R and eotaxin recep-
tor in eosinophils, resulting in survival, activation, degranulation,
and chemotaxis of eosinophils (11, 12).

A recent study showed that ERK activity in the lungs of asth-
matic mice was significantly higher as compared with normal mice
(13). Our recent in vitro study revealed that inhibition of the ERK
signaling pathway markedly abated OVA-induced anaphylactic
bronchial contraction and release of peptido-leukotrienes from
sensitized guinea pig lung fragments (14). These findings implicate
that ERK pathway can be a pharmacological target for the treatment
of dlergic asthma We propose that inhibition of ERK pathway may
have anti-inflammatory effects in alergic asthma. In this study, we
investigated the potential anti-inflammeatory effects of U0126, a potent
and selective MEK1/2 inhibitor (15), in an in vivo mouse asthma
model. U0126 significantly reduced OV A-induced increases in tota
cell counts, eosinophil counts, and IL-4, IL-5, IL-13, and ectaxin
levels in bronchoaveolar lavage (BAL) fluid. U0126 also inhibited
OVA-induced IgE devation in serum, VCAM-1 expression in the
lung, and mucus production in the airways. In addition, U0126
markedly attenuated OV A-induced AHR in senstized mice. Our
findings clearly indicate that regulation of ERK signaling pathway
could modulate alergic airway inflammation.
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Materials and M ethods
Animals

Male BALB/c mice 6—8 wk of age (Interfauna, East Y orkshire, U.K.) were
sensitized by i.p. injections of 20 ng of OVA and 4 mg of AlI(OH); sus-
pended in 0.1 ml of saline on days 0 and 14. On days 18, 19, and 20,
animals were challenged with 1% OV A aerosol for 20 min. U0126 (7.5, 15,
and 30 mg/kg; a generous gift from J. Trzaskos of DuPont Pharmaceuti-
cals, Wilmington, DE), U0124 (30 mg/kg; EMD Biosciences, San Diego,
CA), or vehicle (polyethylene glycol (PEG); Sigma-Aldrich, St. Louis,
MO) was given i.p. 2 h before and 6 h after each OVA aerosol challenge.
Saline aerosol was used as a negative control.

BAL and serum collection

BAL was performed 24 h after the last OVA challenge. Mice were anes-
thetized by an i.p. injection of 100 ul of anesthetic mixture (hypnorm:
dormicum:H,0 = 1:1:2; Roche, Basel, Switzerland). Tracheotomy was
performed, and a cannula was inserted into the trachea. Ice-cold PBS (0.8
ml X 3) was instilled into the lungs, and BAL fluid was collected. Total
cell counts were performed using a hemocytometer. For cytological exam-
ination, cytospin preparations were prepared using a Cytospin (Thermo
Shandon, Pittsburgh, PA), fixed, and stained in a modified Wright stain.
Differential cell count was then performed on at least 500 cells in each
cytospin slide. Blood was collected by cardiac puncture and alowed to
clot, then centrifuged, and aliquots of serum were stored at —70°C before
ELISA for serum Igs.

ELISA

Murine cytokines and chemokine in BAL fluid were assayed by ELISA
using paired Abs, according to the manufacturers' recommendations. 1L-4
and IL-5 ELISA were obtained from BD PharMingen (San Diego, CA).
Eotaxin, 1L-13, and IFN-y ELISA were purchased from R&D Systems
(Minneapolis, MN). Lower limits of detection were as follows: |L-4 and
IL-5 at 4 pg/ml; I1L-13 and IFN-vy at 15.6 pg/ml; and eotaxin at 2 pg/ml.
Total serum IgE was measured using purified IgE as standard (BD Phar-
Mingen). Serum OV A-specific 1gG1, 1gG2a, and IgE were determined by
ELISA, as previously described (16).

Histologic examination

The lungs were infused via trachea with 1 ml of 10% neutral formalin and
immersed in the same fixative for at least 24 h. Tissues were paraffinized,
and 6-um sections were cut and stained with H&E for examining cell
infiltration and with periodic acid-Schiff stain (both from Sigma-Aldrich)
for measuring mucus production under a light microscope. To determine
the severity of inflammatory cell infiltration, peribronchial cell counts were
performed blind based on a 5-point scoring system described by Myou et
a. (17). Briefly, the scoring system was: 0, no cells; 1, afew cells; 2, aring
of cells 1 cell layer deep; 3, aring of cells 2—4 cells deep; 4, aring of cells
>4 cells deep. To determine the extent of mucus production, goblet cell
hyperplasia in the airway epithelium was quantified blind using a 5-point
grading system described by Tanaka et a. (18). The adopted grading sys-
tem was: 0, no goblet cells; 1, <25%; 2, 25-50%; 3, 50—75%; 4, >75%.
Scoring of inflammatory cells and goblet cells was performed in at least
three different fields for each lung section. Mean scores were obtained from
three to four animals.

Immunohistochemistry

Lung tissues were harvested 24 h after the last OVA challenge and frozen
in Tissue-Tek OCT compound (Sakura Finetechnical, Tokyo, Japan) in
liquid nitrogen. Sections of 7-um thickness were cut and placed onto si-
lanized glass slides, and air dried before being fixed in cold acetone for 10
min. Sections were then rehydrated in PBS for 10 min and blocked in PBS
containing 10% mouse serum for 30 min in a humidified chamber.
VCAM-1 was probed with FITC-conjugated rat anti-mouse CD106 mAb
(BD PharMingen) and visualized using confocal microscopy (Olympus
Fluoview 500, Tokyo, Japan) with excitation wavelength at 488 nm and
emission range at 510—-550 nm. FITC-conjugated nonspecific rat 1gG iso-
type control was used as a negative control.

Measurement of AHR

On day 21, mouse airway responsiveness to increasing concentrations of
methacholine (5-80 mg/ml; Sigma-Aldrich) was measured using a single-
chamber whole-body plethysmograph (Buxco, Sharon, CT) based on the
method of Hamelmann et a. (19). Mice were challenged with aerosolized
methacholine for 3 min, and bronchoconstriction was recorded for an ad-
ditional 5 min for each increasing dose of methacholine. The highest Penh
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value obtained during each methacholine challenge was expressed as per-
centage of basal Penh value in response to PBS challenge.

Western blot analysis

Western blot analysis for phospho-ERK was conducted in lung tissues
freshly isolated from mice with and without U0126 pretreatment. The lung
fragments (0.05 g) were homogenized in ice-cold lysis buffer. Proteins
were separated by 10% SDS-PAGE and then transferred onto a polyvi-
nylidene difluoride membrane (Bio-Rad, Hercules, CA). The membrane
was probed with anti-pan ERK and anti-phospho-ERK (Thr?%%/Tyr?*%) Abs
(Cell Signaling Technology, Beverly, MA), followed by akaline phos-
phatase-conjugated secondary Ab, and visualized using chromogenic sub-
strates nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate
(Life Technologies, Gaithersburg, MD). Protein band intensity was quan-
titated using Gel-Pro imaging software (Media Cybernetics, Silver
Spring, MD).

Satistical analysis

Data are presented as means + SEM. One-way ANOVA followed by Den-
nett test was used to determine significant differences between treatment
groups. The critical level for significance was set at p < 0.05.

Results
Effects of U0126 on OVA-induced eosinophil recruitment in BAL
fluid

BAL fluid was collected 24 h after the last OVA aerosol challenge,
and total and differential cell counts were performed. OVA inha
lation significantly (p < 0.05) increased tota cell and eosinophil
counts as compared with saline control (Fig. 1A). In contrast, the
numbers of neutrophils, macrophages, and lymphocytes were un-
changed. U0126 (7.5, 15, and 30 mg/kg) substantially reduced the
total cell number recovered in BAL fluid as compared with PEG
control, which was mainly due to a significant (p < 0.05) reduc-
tion in eosinophils in the U0126-treated mice in a dose-dependent
manner (Fig. 1B). U0126 did not show any inhibitory effects on
BAL fluid cell counts from sensitized mice challenged with saline
aerosol (Fig. 1C). In addition, 30 mg/kg U0124, acompound struc-
turally similar to U0126, but devoid of MEK1/2-inhibitory effect
(15), failed to influence OVA-induced increase in BAL fluid cell
counts in asthmatic mice (Fig. 1D). The numbers of neutrophils,
macrophages, and lymphocytes were not affected by U0126. These
results clearly suggest that ERK pathway may be specific in eo-
sinophil recruitment during the allergic inflammation.

Effects of U0126 on OVA-induced eosinophil infiltration and
mucus production

Lung tissue was collected 24 h after the last OVA challenge. OVA
aerosol challenge induced marked infiltration of inflammatory
cells into the peribronchiolar and perivascular connective tissues
as compared with saline challenge (Fig. 2, A and B). The majority
of the infiltrated inflammatory cells were eosinophils. U0126 (30
mg/kg) markedly attenuated the eosinophil-rich leukocyte infiltra-
tion as compared with PEG control (Fig. 2, C, D, and I). In con-
trast, OV A-challenged mice, but not saline-challenged mice, devel-
oped marked goblet cell hyperplasiaand mucus hypersecretion within
the bronchi in the lung (Fig. 2, E and F). Fig. 2F aso showed the
formation of mucus plug in the bronchial lumen. The OV A-induced
mucus secretion was significantly abated by U0126 (30 mg/kg) as
compared with the PEG contral (Fig. 2, G, H, and J).

Effects of U0126 on cytokine levels in BAL fluid

To determine the levels of cytokines in vivo, BAL fluid samples
were collected 2 h after the last OVA challenge. IL-4, IL-5, IL-13,
eotaxin, and IFN-vy levels were measured using ELISA. As shown
in Fig. 3, OVA inhalation in sensitized mice induced substantial
cytokine release into BAL fluid as compared with untreated mice.
U0126 significantly (p < 0.05) reduced IL-4, IL-5, IL-13, and
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FIGURE 1. Effectsof U0126 on BAL fluid cell infiltration. BAL fluids
were collected 24 h after the last OVA challenge. A, Inflammatory cell
countsin BAL fluid obtained from sensitized mice 24 h after the last saline
aerosol or 10 mg/ml OVA aerosol challenge (naive, n = 4; saline, n = 4;
OVA, n = 10). B, Effects of U0126 on OVA-induced inflammatory cell
countsin BAL fluid from sensitized mice 24 h after the last 10 mg/ml OVA
challenge (OVA, n = 8; 7.5 mg/kg, n = 4; 15 mg/kg, n = 3; 30 mg/kg, n =
5). C, Effects of U0126 on inflammatory cell counts in BAL fluid from
sensitized mice challenged with saline aerosol (saline, n = 5; U0126, 30
mg/kg, n = 6). D, Effects of U0124 on OVA-induced inflammatory cell
countsin BAL fluid from sensitized mice 24 h after the last 10 mg/ml OVA
challenge (OVA, n = 8; U0124, 30 mg/kg, n = 3). Differential cell count
was performed on a minimum of 500 cells to identify eosinophil (Eos),
neutrophil (Neu), macrophage (Mac), and lymphocyte (Lym). *, Signifi-
cant difference from PEG control, p < 0.05.

eotaxin levelsin BAL fluid as compared with PEG control (Fig. 3,
A-D). In contrast, U0126 did not show any significant effects on
IFN-v level (Fig. 3E).

Effects of U0126 on serum Ig levels

We next determined whether U0126 could modify an ongoing
OVA-specific Th2 response in vivo by analyzing Ab subtypes.
Serum was collected 24 h after the last OVA challenge. Levels of
total IgE, and OV A-specific IgE, 1gG1, and 1gG2a were deter-
mined using ELISA. Substantial elevation in total IgE, and OVA-
specific IgE, 1gG1, and 1gG2a was observed in serum from OV A-
sensitized and -challenged mice as compared with untreated mice
(Fig. 4). U0126 significantly (p < 0.05) lowered total IgE levels
in a dose-dependent manner (Fig. 4A). In agreement with the in-
hibitory effect on total IgE level, U0126 at 15 and 30 mg/kg sig-
nificantly reduced OV A-specific IgE levels by 78 and 91%, re-
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FIGURE 2. Effects of U0126 on lung tissue eosinophilia and mucus
production. Histological examination of lung tissue eosinophilia (A-D,
magnification X400) and mucus secretion (E-H, magnification X 400)
24 h after the last challenge of saline aerosol (A and E), OVA aerosol (B
and F), OVA aerosol plus PEG (C and G), or OVA aerosol plus 30 mg/kg
U0126 (D and H). Quantitative analyses of inflammatory cell infiltration (I)
and mucus production (J) in lung sections were performed based on the
methods of Myou et al. (17) and Tanaka et al. (18), respectively. Lung
tissues were fixed, sectioned at 7 um thickness, and stained with H& E for
tissue eosinophilia or periodic acid-Schiff for mucus production. =, Signif-
icant difference from PEG control, p < 0.05.

spectively (Fig. 4B). Moreover, U0126 significantly inhibited
OVA-specific 1gG1 levels by 54% at 30 mg/kg (Fig. 4C), whereas
1gG2a levels were unaltered (Fig. 4D), indicating a specific inhi-
bition on the Th2 response by U0126.
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FIGURE 3. Effectsof U0126 on cytokine and chemokine levelsin BAL
fluid. BAL fluids were collected 2 h after the last OVA challenge. Levels
of IL-4 (A), IL-5 (B), IL-13 (C), eotaxin (D), and IFN-vy (E) were analyzed
using ELISA (n = 5). Values shown are the mean = SEM. =, Significant
difference from PEG control, p < 0.05.

Effects of U0126 on the expression of VCAM-1 in lung tissues

The expression of VCAM-1 was up-regulated in the lungs from
OV A-treated mice as compared with naive mice (data not shown).
The increased expression of VCAM-1 occurred predominantly in
vascular endothelium. Treatment with U0126 (30 mg/kg) substan-
tially reduced VCAM-1 up-regulation (Fig. 5).

Effects of U0126 on AHR

We next investigated the effect of U0126 on the development of
AHR in BALB/c mice. Sensitized animals challenged with 1%
OVA aerosol for 20 min daily for 3 consecutive days developed
AHR to inhaled methacholine. Airway responsiveness was deter-
mined by Penh (19), and was substantially increased in OVA-chal-
lenged group in response to methacholine inhdation as compared
with the saline-challenged group (Fig. 6A). U0126 dramatically pre-
vented AHR to inhaled methachaline in a dose-dependent manner, as
shown in Fig. 6B, suggesting that immune-mediated pathology in
vivo was modified. U0126 did not show any inhibitory effects on
alrway responsiveness in sensitized mice challenged with saline agro-
sol (Fig. 1C). In contrast, U0124 (30 mg/kg) failed to influence OVA-
induced AHR in asthmatic mice (Fig. 1D).

Phospho-ERK immunoblot analysis

To verify that the inhibitory effects of U0126 on the mouse asthma
model were mediated by MEK inhibition, we examined the effects
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FIGURE 4. Effectsof U0126 on serum Ig production. Mouse serum was
collected 24 h after the last OVA chalenge. The levels of total IgE (A),
OVA-specific IgE (B), OVA-specific 1gG1 (C), and OVA-specific 1gG2a
(D) were analyzed using ELISA (n = 4). Vaues shown are the mean =
SEM. #, Significant difference from PEG control, p < 0.05.

of U0126 on OV A-induced ERK /2 phosphorylation in lungs iso-
lated from mice treated with PEG or 30 mg/kg U0126. Fig. 7
shows ERK1/2 phosphorylation was up-regulated in lungs from
OVA-challenged mice and U0126 effectively blocked the OVA-
induced ERK1/2 phosphorylation.

PEG Control

U0126(30 mg/kg)

FIGURE 5. Immunohistochemistry of VCAM-1 expression in lung tis-
sue. Lung tissues were harvested 24 h after the last OVA challenge from
mice treated with PEG or 30 mg/kg U0126. Lung tissues were frozen in
liquid nitrogen. Sections of 7 um thickness were cut and probed with
FITC-conjugated rat anti-mouse CD106 Ab to detect VCAM-1 expression.
Labeled VCAM-1 proteins were visuaized using confocal microscopy
(Olympus Fluoview 500). BV, blood vessel.
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FIGURE 6. Effects of U0126 on AHR. A, Airway responsiveness of
sensitized mice challenged with aerosolized saline or 10 mg/ml OVA for 3
consecutive days to increasing doses of inhaled methacholine (saline, n =
4; OVA, n = 6). B, Effects of U0126 on inhaled methacholine-induced
AHR (PEG, n = 4; 7.5 mg/kg, n = 7; 15 mg/kg, n = 7; 30 mg/kg, n = 10).
C, Effects of U0126 on methacholine-induced AHR in sensitized mice
challenged with saline aerosol (saline, n = 4; U0126, 30 mg/kg, n = 4). D,
Effects of U0124 on methacholine-induced AHR in sensitized mice 24 h
after the last 10 mg/ml OVA challenge (OVA, n = 8; U0124, 30 mg/kg,
n = 3). *, Significant difference from control groups, p < 0.05.

Discussion

U0126, a potent and selective MEK inhibitor, has been shown to
inhibit MEK 1 and MEK 2 with negligible effect against other pro-
tein kinases such as ERK, p38 MAPK, and c-Jun N-terminal ki-
nase. The inhibition is noncompetitive with respect to ERK and
ATP (15). Our present findings reveal that inhibition of MEK/ERK
pathway by U0126 could attenuate OV A-induced pulmonary in-
flammation, release of Th2 cytokines and chemokine into the air-
way, airway mucus production, serum Ig levels, and AHR in
sensitized mice.

Thereis now clear evidence that Th2 cells play an essentia role
in the pathogenesis of the alergic airway inflammation (2, 20).
Th2 cytokines can be produced by various resident cells such as
bronchial epithelial cells, tissue mast cells, and alveolar macro-
phages as well as infiltrated inflammatory cells such as lympho-
cytes and eosinophils. Our present data show that U0126 signifi-
cantly reduced the levels of IL-4, IL-5, and IL-13, and of eotaxin
in BAL fluids. In contrast, the level of IFN-vy, a Thl cytokine, was
not affected by U0126. ERK signaling pathway has been shown to
beinvolved in the cytokine production from avariety of cell types.
TCR engagement in naive CD4" T cells has been shown to pro-
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FIGURE 7. Effects of U0126 on ERK1/2 phosphorylation in lung tis-
sue. Western blot analysis of OVA-induced ERK1/2 tyrosine phosphory-
lation in lung fragments isolated from mice treated with PEG and 30 mg/kg
U0126. Lung fragments were homogenized in ice-cold lysis buffer. Pro-
teins (20 pg/lane) were separated by SDS-PAGE and probed with anti-pan
ERK and anti-phospho-ERK Abs. The blot was developed by nitroblue
tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate, and analyzed using
Gel-Pro imaging software. Results are expressed as fold increase of basal
ERK level in naive mice (A and B). Basal ERK level is given avaue of 1.
Values shown are the mean = SEM of three separate experiments. *, Sig-
nificant difference from naive, and **, significant difference from PEG
control, p < 0.05. N, naive; O, OVA; P, PEG; U, U0126.

duce IL-4 via activation of ERK (21). U0126 has been shown to
inhibit the IL-13 synthesis from 12-O-tetradecanoyl phorbol-13-ac-
etate/ionomycin-activated human T cells via ERK inhibition (22).
It has been reported that by lowering the ratio of ERK to p38
MAPK activation, dendritic cells could be raised with Thl-polar-
izing capacity, indicating that ERK signaling pathway in the APCs
may promote the initial commitment of naive Th cells toward Th2
phenotype (23). Airway smooth muscle is another source of proin-
flammatory cytokines during the airway inflammation (24). En-
hanced ERK tyrosine phosphorylation has been observed in human
airway smooth muscle cells upon the stimulation with IL-4 and
IL-13 (25). Additional studies showed that ERK signaling pathway
is critical for eotaxin production from airway smooth muscle cells
upon stimulation from IL-4 and 1L-13 (26, 27). In addition, ERK
signaling pathway has been implicated in cytokine production in
bronchial epithelia cells (28) and mast cells (29) as well as in
chemokine release from murine fibroblasts (30). As such, the ob-
served reduction of Th2 cytokine levelsin BAL fluid from U0126-
treated mice may be due to inhibition of ERK signaling pathway in
those inflammatory and airway resident cells. Indeed, the present
study also verified specific ERK inhibition by U0126 in the mouse
asthma model by blocking phosphorylation (Thr2°2/Tyr?°%) of
ERK in lung tissue from U0126-treated mice as compared with
vehicle controls. This finding is in agreement with a recent report
showing increased ERK activity in lung tissues from asthmatic
mice than in normal mice (13). ERK activation has been shown to
regulate gene expression via stimulation of transcription factors
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such as AP-1 (6, 7, 13, 29). It islikely that U0126-induced down-
regulation of cytokine production observed in the present study
was mediated by inhibition of ERK and of its downstream AP-1.

Eosinophil is the principal effector cell for the pathogenesis of
alergic inflammation. Our present findings showed that U0126
prevented eosinophil infiltration into the airways, as shown by a
significant drop in total cell counts and eosinophil countsin BAL
fluid. Similarly, tissue eosinophilia was also inhibited, as revealed
by a significant reduction of inflammatory cell infiltration in his-
tological examination. Eosinophil transmigration into the airways
isamultistep process that is orchestrated by Th2 cytokines such as
IL-4, IL-5, and IL-13, and coordinated by specific chemokines
such as eotaxin in combination with adhesion molecules such as
VCAM-1 and VLA-4 (4, 31). IL-13 has been shown by far the
most potent inducer of eotaxin expression by arway epithelial
cells (32). Our result showed that eotaxin level in BAL fluid from
U0126-treated mice was substantially reduced, which may be as-
sociated with the significant drop in IL-13 level in BAL fluid pro-
duced by U0126. In addition, ERK pathway has been shown to be
involved in the intrinsic mechanism of eotaxin-induced eosinophil
rolling and migration by regulating actin polymerization (12, 33).
Furthermore, detection of VCAM-1 by FITC-conjugated Ab re-
vedled that U0126 down-regulated the expression of VCAM-1
from endothelium in lung tissue. Taken together, the observed re-
duction in airway eosinophilia by U0126 may be a result of com-
posite effects of reduction in Th2 cytokine production, eotaxin for-
mation, VCAM-1 expression, and eosinophilic cytoskeleta
rearrangement via ERK pathway inhibition.

Our findings demonstrated a dramatic reduction in mucus pro-
duction with less goblet cell hyperplasiain U0126-treated mice as
compared with untreated control. In addition, mucus plug was not
detectable within the bronchia tissue in lungs of U0126-treated
mice, whereas it is common in lungs from OV A-challenged group.
Studies using undifferentiated tracheobronchial epithelia cells or
cancer cell lines showed that Th2 cells and cytokines (6, 34—36)
are linked to mucus hypersecretion by their effects on mucin gene
expression in the airway epithelium. In addition, a recent study
showed that IL-13-induced goblet cell hyperplasia and mucin
MUCS5AC protein expression in human bronchial epithelial cell
cultures were mediated by ERK signaling pathway and could be
inhibited by U0126 (37). As such, the observed decrease in mucus
production in U0126-treated lung tissue may be attributed to the
substantial drop in Th2 cytokines in asthmatic mice treated with
U0126 as well as a direct ERK inhibition by U0126 on IL-13-
induced mucus hypersecretion in airway epithelium.

Elevated serum IgE and 1gG1 are the hallmarks of a Th2 im-
mune response. Our data showed that serum levels of total IgE and
OV A-specific IgE and 1gG1 were substantially reduced by U0126,
whereas no significant inhibition was observed in 1gG2a produc-
tion, an indicator of Thl response. ERK signaling pathway has
been shown to play a crucia role in B cell receptor-induced pro-
liferation of mature B cells (8, 9, 38). In addition, IL-4 and IL-13
are important in directing B cell growth, differentiation, and se-
cretion of IgE and 1gG1 (39). The biologica activities of IgE are
mediated through its interaction with the high affinity IgE receptor
(FceRI) on mast cells and basophils. Cross-linking of FceRl ini-
tiates multiple signaling cascades leading to cellular degranulation
and activation (10, 40). It has been shown that ERK signaling
pathway is critical for IgE-mediated release of cysteinyl-leukotri-
enes and cytokines (10, 14, 29, 40). Therefore, the observed re-
duction in serum IgE and IgG1 in our asthma model by U0126
may be contributed by itsinhibitory effects on B cell activation and
on Th2 cytokine production from inflammatory cells such as mast
cells via ERK pathway inhibition.

ANTI-INFLAMMATORY EFFECTS OF U0126 IN ASTHMA

It is believed that inflammatory mediators released during the
alergic inflammation play a critical role in AHR development (1,
5, 41). Our data showed that U0126 significantly inhibited OVA-
induced AHR to inhaled methacholine in a dose-dependent man-
ner. It has been established that IL-5 plays a critical role in AHR
by mobilizing and activating esoinophils, leading to the release of
proinflammatory products such as major basic protein and cystei-
nyl-leukotrienes, which are closely associated with AHR (42—44).
In addition, IL-4 and IL-13 have been shown to induce AHR in
mouse asthma models in which cysteinyl-leukotrienes have been
implicated to play a major role in AHR (44—46). Moreover, IgE-
mediated mast cell activation may contribute to AHR by producing
awide array of inflammatory mediators and cytokines (10, 29). As
such, the observed reduction of AHR by U0126 may be associated
with reduction in Th2 cytokine production, tissue eosinophilia, and
serum IgE level by U0126.

Allergic airway inflammation and AHR development involve
multiple inflammatory cells and a wide array of mediators. We
report in thiswork for thefirst time that MEK inhibition effectively
reduced OVA-induced Th2 cytokine production, pulmonary eo-
sinophilia, serum IgE and 1gG1 synthesis, mucus hypersecretion,
and AHR in a mouse asthma model. These findings support a
potential role for MEK inhibitor in the treatment of asthma.
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